A photoluminescence study showed that the self-assembled InGaN quantum dots ͑QDs͒ provide strongly localized recombination sites for carriers and that the piezoelectric field-induced quantum-confined Stark effect ͑QCSE͒ is small because the height of QDs is too small to separate the wave functions of electrons and holes. The InGaN QD light-emitting diode ͑LED͒ showed an emission peak at 400 nm, and the peak was redshifted with increasing injection current, indicating a small QCSE. The light output power of an InGaN QD LED increased linearly with increasing injection current due to the strongly localized recombination sites of the InGaN QDs. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2712804͔
High-brightness ultraviolet light-emitting diodes ͑UV LEDs͒ have great advantages in full-color displays and solidstate lighting.
1-3 However, nitride-based UV LEDs suffer from a lower efficiency than a blue LED.
2 It has been reported that the high luminescence efficiency of blue LEDs with a large defect density is due to the formation of In-rich regions in the InGaN active layer. 4, 5 However, the In composition in the InGaN active layer is much lower in an UV LED compared to a blue LED and the defects act as nonradiative centers due to a lack of localized recombination sites, resulting in a lower efficiency of UV LEDs. In addition, a small band offset between the InGaN quantum well and the GaN barrier of UV InGaN / GaN multiple quantum well ͑MQW͒ structure results in the weak thermal stability of electrical carriers in shallow InGaN quantum wells.
2 It has been shown that the quantum dot ͑QD͒ structure can function as an efficient luminescence source because of an enhanced exciton binding energy and carrier localization effect. 6 Therefore, to improve the emission efficiency of an UV LED, the defect density in the active layer needs to be significantly reduced or an alternate active layer, such as a QD, that shows a high luminescence efficiency should be introduced in the active layer. Although many groups have reported on the growth and properties of GaN-and InGaNbased QDs, [6] [7] [8] [9] [10] [11] only a few have reported on UV or blue LEDs with GaN and InGaN QDs, respectively. 12, 13 To date, there are no reports on InGaN QD-based UV LEDs. In this study, we investigated the properties of UV LEDs with selfassembled InGaN QDs grown in a strain-induced StranskiKrastanov ͑SK͒ growth mode.
Self-assembled InGaN QDs were grown on a GaN surface on ͑0001͒ sapphire substrates at a pressure of 200 Torr in a metal organic chemical vapor deposition system. After the growth of a 2-m-thick n-GaN layer at 1050°C, InGaN QDs were grown at 670°C for 6 s at a growth rate of 1.96 Å / s using a N 2 as the carrier gas. The growth of a GaN capping layer was followed by growing a 20-nm-thick GaN at 750°C as a barrier layer. This procedure was repeated five times to obtain five periods of InGaN QD stacks. A 0.13-m-thick p-GaN layer was then grown on the InGaN QD stacked layer at 900°C. This temperature was 100°C lower than the conventional growth temperature used for a p-GaN layer to protect the InGaN QD layers from thermal damage. An x-ray diffraction analysis showed that the In composition of the 20-nm-thick InGaN layer grown under the same conditions was 45%. To fabricate InGaN QD LEDs, a p-GaN layer was etched by means of an inductively coupled Cl 2 /CH 4 /H 2 / Ar plasma until the n-GaN layer was exposed, to achieve n-type Ohmic contact formation. The detailed procedure for the fabrication of LEDs with a size of 300ϫ 300 m 2 has been published elsewhere.
3
Atomic force microscopy ͑AFM͒ images show that the density of the InGaN QDs is 5.6ϫ 10 9 cm −2 and the average diameter and vertical height are 52.0 and 1.35 nm, respectively, as shown in Fig. 1͑a͒ . The difference in in-plane lattice parameters between the In 0.45 Ga 0.55 N epilayer and the GaN layer is ⌬a / a = 4.95%, and the critical thickness for the island growth mode is estimated to be less than 3 ML. 8 Therefore, an In 0.45 Ga 0.55 N layer thicker than 3 ML experiences a strain-induced growth mode transition, as shown in Fig. 1͑a͒ . The density and size of the InGaN QDs increased with increasing growth time, indicating that the InGaN QDs were grown in a SK growth mode. 8 Figure 1͑b͒ shows that the surface morphology of the GaN capping layer is flat, indicating that the GaN covers the entire surface of the InGaN QDs. Many V-shape pits with a density of 1.6 ϫ 10 9 cm −2 can be seen, which correspond to the density of the threading dislocations, as shown in Fig. 2 . height to diameter aspect ratio of InGaN QDs. The size of the InGaN QDs is in good agreement with that measured by AFM. V-shape pits were also observed on the surface as also shown in the AFM image of the GaN surface. V-shape pits can be generated on the GaN surfaces because the growth temperature of the GaN barrier layer was lower by 300°C than that used for conventional GaN. The formation of V-shape pits on GaN surfaces can be attributed to the reduced atomic mobility on the surface at the low growth temperature used. 14 To investigate the optical properties of the multiple InGaN QD/GaN layer, excitation power dependent photoluminescence ͑PL͒ spectra were measured at 10 K. Figure 3͑a͒ shows two strong peaks at 382 nm ͑P-1: 3.25 eV͒ and 387 nm ͑P-2: 3.20 eV͒, which are larger by 1.38 and 1.33 eV, respectively, than the band gap energy ͑1.87 eV͒ of the thick In 0.45 Ga 0.55 N layer. 15 Figure 3͑a͒ also shows that the ratio of the PL intensity of P-1 to P-2 is constant at all excitation laser powers, indicating that the two PL peaks are originated from the InGaN wetting layer and InGaN QDs, respectively, not from the excited energy level of the QDs. 16 The large blueshift of the P-2 peaks compared to the band gap energy ͑1.87 eV͒ of the thick In 0.45 Ga 0.55 N layer in Fig.  3͑a͒ can be attributed to a strong quantum confinement effect in the InGaN QDs, as shown in the AFM and TEM images in Figs. 1 and 2 . The large quantum confinement factor for In-rich InGaN QDs is due to the low electron effective mass of InN. 17 From effective mass theory, the band gap enhancement ⌬E for low-dimensionally confined InGaN QDs can be estimated by
where ប, m e * , and m h * are Planck's constant and the effective masses of an electron and a hole, respectively. Also h and d are the height and width of the QD, respectively. The effective masses of an electron and a hole in InGaN were linearly approximated from the bulk value of InN and GaN. 17 The calculated band gap energy of In 0.45 Ga 0.55 N QD with a size measured by AFM was 3.54 eV, 0.34 eV higher than the PL peak energy of P-2. The deviation of 0.34 eV in band gap energy may be attributed to fluctuations in InGaN composition, QD size, effective mass, and quantum barrier height.
It should be noted that each PL peak position is not blueshifted with increasing excitation power, as shown in Fig. 3͑a͒ . The compensation of the piezoelectric fieldinduced quantum-confined Stark effect ͑QCSE͒ by a free carrier screening with increasing excitation power has been reported to cause a blueshift in PL peak energy in InGaNbased quantum well structures. 19 Therefore this result indicates that the QCSE is small in the InGaN QDs because the thickness of InGaN QDs of 1.35 nm is too small to allow the wave functions of electrons and holes to be separated. When the thickness of a quantum well is smaller than the three dimensional free exciton Bohr radius of bulk GaN of 3.4 nm, electrons and holes are not separated even though the quantum well is under high electric field induced by polarization. 20, 21 The reduced QCSE in InGaN QDs can improve the recombination rate of carriers because the piezoelectric field reduces the oscillator strength by decreasing the overlap of electron and hole wave functions in the potential well. 19 The temperature-dependent PL spectra in Fig. 3͑b͒ show that the peak P-1 disappears rapidly with increasing temperature. This can be attributed to carriers in the wetting layer, which are easily thermalized to the barrier layers and vanish at nonradiative recombination centers such as defects or redistribute even to QDs with lower band gaps and recombine there. However, the PL intensity of InGaN QDs ͑P-2͒ in Fig.  3͑b͒ remains strong at room temperature, even though there are many pits on the surface of GaN, as shown in Fig. 1͑b͒ . This would be due to the effective localization of carriers in the InGaN QDs. A temperature-dependent PL study of InGaN QD ͑not shown here͒ showed that the activation energy for carrier escape is 190 meV, comparable to the band gap difference of 200 meV between InGaN QD ͑3.20 eV͒ and GaN barrier layers ͑3.40 eV͒. This indicates that the InGaN QDs provide strong localized recombination sites for electrical carriers, thus preventing carrier trapping in nonradiative centers which are present in InGaN and GaN layers. Figure 4͑a͒ shows electroluminescence ͑EL͒ spectra of the InGaN QD UV LED with the input current increasing from 2 to 100 mA. The inset of Fig. 4͑a͒ shows the schematic structure of the InGaN QD LED. A strong UV emission peak from the InGaN QD LED can be seen at approximately 400 nm. Figure 4͑b͒ shows the variation of EL peak energy and full width at half maximum ͑FWHM͒ of the EL peak with increasing input current. It should be noted that the EL peak does not shift to a higher energy side and the FWHM of the EL peak increases with input current, indicating a negligible QCSE in the InGaN QD LED. If the QCSE dominates the recombination process of carriers in the QDs, the EL peak would shift to the higher energy side and the FWHM of the EL peak would decrease with increasing the input current. 19 The EL peak shift to the lower energy side is due to a Joule heating effect, 1,2 and the increase in the FWHM of the EL peak with increasing the input current is due to a band-filling effect in the InGaN QDs. Therefore, the EL spectra in Fig. 4 show that the piezoelectric field-induced QCSE in InGaN QDs does not affect the carrier recombination process. This is beneficial for the high efficiency of InGaN-based LEDs because the piezoelectric field decreases the overlap of electron and hole wave functions, resulting in a reduction in quantum efficiency. As shown in the inset of Fig. 5 , the forward operating voltage at an injection current of 20 mA was 5.6 V, which was higher by 2 V than that of InGaN MQW UV LEDs. 3 The high operating voltage is due to poor crystal quality of the p-GaN grown at 900°C, which is 100°C lower than the conventional growth temperature. The optical output power increased linearly with the input current up to 60 mA, as shown in Fig. 5 . On the other hand, InGaN / GaN MQW UV LEDs have been reported to show sublinear behavior only at low input currents due to a thermal effect and carrier overflow in the shallow potential wells.
2,3 The linear increase in optical output power for the InGaN QD LED can be attributed to carrier recombination in the strongly quantum-confined InGaN QDs with deep potential wells. From these results, InGaN QDs can be expected to serve as promising light-emitting sources for highly efficient UV LEDs.
In summary, we describe the preparation and characteristics of an UV LED with an In 0.45 Ga 0.55 N QD/GaN structure. A PL study showed that the InGaN QDs had a negligible piezoelectric field effect and a large thermal activation energy for carrier escape. The EL spectra of the InGaN QD LED showed an emission peak at 400 nm without showing a blueshift with injection current due to the negligible piezoelectric field. The optical output power of the InGaN QD UV LED increased linearly up to a high input current of 60 mA due to enhanced carrier confinement in InGaN QDs with deep potential wells. 
